Abstract. Traditional economic models of land-use change have focused on factors such as distance to population centers, available labor supply, population density, and patterns of existing infrastructure, such as roads. While such models can reproduce urban sprawl, they do not address such fundamental issues as the causes of initial human settlement locations, variation in the growth rates of different urban centers, and the ecological consequences of different economic drivers. A complementary approach, based on properties of the environment related to net primary productivity, predicts the temporal and spatial patterns of development and land-use change associated with three distinct phases of economic development: agricultural, industrial, and information/communication. Initial landuse patterns, established in response to environmental constraints on agriculture, are selectively amplified based on the subsequent requirements for industrialization. These environmental constraints are later relaxed during the information/communication phase of development, which affects portions of the landscape that were little affected by the first two phases. This sequence of events produces a predictable change in the distribution of human population density and land-use intensity that impacts different components of biodiversity over time. The agricultural phase tends to eliminate those components of biodiversity that depend on high-productivity environments, while preserving those components that can survive on marginal lands. However, the transition from an industrial to an information-driven economy breaks the linkage between productivity and land-use intensity, and allows intensification of human impacts in areas that had been protected by the constraints imposed by agricultural and industrial economies. As a consequence, the remaining reservoirs of biodiversity on marginal lands are now being threatened as formerly remote rural areas are being developed for recreational and residential use, particularly in the western United States.
INTRODUCTION
Accelerating human alteration of landscapes around the world has led to increasing concern about the ecological consequences of land-use change (Goudie 1981 , Turner et al. 1990 , Vitousek et al. 1997 . Traditional economic models of land-use change have focused on factors such as distance to population centers, available labor supply, population density, and patterns of existing infrastructure, such as roads (e.g., Christaller 1933 , 1972 , Lö sch 1938 , Stutz and de Sousa 1998 . A complementary approach, based on soil properties and other environmental conditions that influence the abundance and diversity of plants and animals, can be used to predict the temporal and spatial patterns of human 1 E-mail: hustonma@txstate.edu development and land-use change, as well as their potential impact on different components of biodiversity. While human populations are ultimately subject to the same constraints as other animal species, the development and application of technology has led to increasing relaxation of these constraints at the local (but not global) level, with profound implications for the impacts of humans on the environment. The history of human civilization and environmental impacts is the history of this relaxation of local environmental constraints, and can be divided into three main phases.
The first phase, driven by primary productivity, is the agrarian stage that has occupied most of human history. This stage includes the hunter-gatherer culture, in which primary and secondary production both contribute to population growth, and the subsequent agricultural culture, in which primary productivity is the main driver.
The second phase marks the beginning of independence from the local environmental constraints on primary productivity. The development of efficient trans-LAND-USE CHANGE IN RURAL AMERICA portation initiates the transition from the agrarian to the industrial phase, in which the transport of both foods and raw materials allows human population centers to be located away from the centers of agricultural production. This phase occurred in the developed countries during the 19th century and the first three-fourths of the 20th century, and is still occurring in the less developed countries.
The third phase is characterized by a further increase in independence from the centers of agricultural and industrial production as a result of electronic communication and increased transportation efficiency. This information stage allows the new types of production, of information and services, to be totally removed from the centers of agricultural production and traditional transportation corridors, thus freeing the human population to occupy any portion of the landscape, regardless of its primary or secondary productivity. This phase began in the later decades of the twentieth century, and is occurring primarily in the most developed countries or wherever there is sufficient accumulation of wealth to allow establishment of the information infrastructure.
These three phases produce very different patterns of human population distribution and thus very different patterns of land use and impacts on the environment and biodiversity. These patterns depend on the availability and distribution of the resources necessary for human population growth.
PARALLELS BETWEEN ANIMAL ECOLOGY AND HUMAN ECOLOGY
The distribution of organisms over the Earth's terrestrial surface is highly predictable in relation to environmental conditions. At very large spatial scales, most terrestrial organisms are found within a limited range of temperature and precipitation conditions, typically classified into biomes or life zones in response to differences in temperature and precipitation, ranging from deserts to rainforests (e.g., Holdridge 1947) . Most aquatic organisms are found within a narrow range of temperature and other physical and chemical properties of water bodies. At regional scales, groups of organisms can be classified as being typical of particular ecoregions or other biogeographical subdivisions, classified on the basis of distinct combinations of climate, soils, and topography (e.g., Omernik 1987 , Bailey 1989 , Omernik and Bailey 1997 . At still smaller scales, plants and animals are arrayed in zones or patches along mountain slopes and hillsides, based on elevation, soils, landforms, slope, and aspect (Whittaker 1956 , 1960 , Kessell 1979 . At each of these scales, the most conspicuous organisms are the plants, which generally give their names to the patterns. Nonetheless, most animal species are closely associated with plant communities or specific types of landscapes, leading to high predictability in the distribution of most species of both plants and animals (Scott et al. 2002 , Kalkhan and Stohlgren 2000 , Bashkin et al. 2003 .
Beyond their effect on the probable presence or absence of a specific type of organism, environmental conditions related to primary and secondary productivity are often associated with variation in the size, health, and fecundity of individuals, as well as the population density and range size of any particular species (e.g., Gaston and Blackburn 1996, Jetz and Rahbek 2002) . The single species of genus Homo on the planet is widely distributed, but quite predictable in terms of the environmental conditions where population densities are highest.
Like other animals, humans require sufficient energy (food intake) to maintain individual metabolism and to reproduce successfully. As omnivores, humans have the advantage of being able to consume both plants (primary producers) and animals (secondary producers). In addition to food, humans and most other terrestrial animals require the constant availability of fresh water, as well as temperature conditions suitable for normal metabolic activity.
To a greater extent than any other species, humans are able to modify their environment by creating shelter that protects them from unfavorable conditions and increases their potential for survival and population growth. While the local availability of energy and other resources can impose limits on the ability of technology to moderate the physical environment, the capability of humans to create shelter makes them relatively independent of physical environmental conditions. As long as adequate food, water, and oxygen are available, humans are capable of surviving in virtually any environment.
Despite our unique capabilities, we are nonetheless subject to the same basic limitations as other animals, and the same fundamental laws of population dynamics apply to us as well as to other species. Both population growth rates and maximum population size (carrying capacity) depend upon resource availability. Human populations grow rapidly and reach high densities where food availability is high and other conditions are favorable (Hyams 1952) , but are constrained to low growth rates and low densities where primary and secondary productivity are low or other conditions are unfavorable (e.g., Meggers 1971) .
In humans, as in grizzly bears, a much larger area is needed to provide food for an individual or a population under unproductive conditions than under productive conditions (Schwartz et al. 2003) . Primary and secondary production during periods with suitable temperatures for growth are typically limited by the availability of water and nutrients. Because these resources are often correlated across landscapes, favorable conditions for the population growth of humans and other animals are often found in the same portions of the landscape.
NPP-DRIVEN (AGRARIAN) DYNAMICS
OF LAND-USE CHANGE In the agrarian stage, the patterns of anthropogenic land-use change are regulated by the same constraints that affect the population growth of most organisms. The fundamental constraint is net primary production (NPP), the rate of production of plant mass that supports virtually all animal life. Both the rate of production and the predictability of that production are critical for determining the densities of animals (including humans) that can be supported in any particular area. High plant productivity can support high animal biomass while low productivity only supports low biomass. However, if the high productivity is not stable over time, both within years and between years, populations must have mechanisms to avoid the starvation and increased mortality that would cause population declines during unfavorable conditions. Such mechanisms include hibernation, migration, and storage of food energy as living body mass or dried, canned, or frozen dead plant and animal tissue.
Plant productivity varies in response to the interaction of nutrient availability, water availability, temperature, light, and carbon dioxide (e.g., Larcher 1980) . At large spatial scales, such as biomes, most of the variation in plant productivity is in response to climatic factors such as length of growing season, temperatures during the growing season, and the amount and seasonality of precipitation (Walter 1979) . At smaller scales from local to regional (e.g., ecoregions) topography and geology have a more important effect on spatial variability, along with the effects of climate and microclimate. Across this range of scales, these wellknown growth factors produce a highly predictable pattern of net primary productivity that shapes the distribution of biodiversity, agricultural production and human health, and economic activity (e.g., Huston 1993 Huston , 1994 .
Soils with high mineral nutrient availability are generally found where rates of geological activity are high, such as areas of volcanic activity, uplift of mineralrich igneous rocks, or glaciation that exposes and pulverizes nutrient-rich bedrock. Topographically constrained patterns of erosion and deposition produce highly predictable distributions of rich and poor soils, with poorer soils characteristic of erosional areas such as ridges and hillslopes, and richer soils in valley bottoms and alluvial floodplains. These processes create the spatial patterns of net primary productivity that influence the abundance and diversity of all plants and animals, as well as human agricultural activity over a broad range of spatial scales.
The key feature of the agrarian stage of land use is that human population growth rates and population densities are regulated by local environmental constraints, which produces a strong correlation between environmental conditions and human population densities and environmental impacts. Humans, and other large mammals, preferentially use those portions of the landscape that have high net primary productivity (NPP). This preferential use occurs across all spatial scales. At the fine scale of selection of which areas to cultivate, subsistence farmers use cues such as plant sizes and species to identify the most productive soils, which are often the alluvial soils that are typically, but not always, found in valleys. On Walker Branch Watershed near Oak Ridge, Tennessee, now a forest research site, cultivated fields and pastures were preferentially located on ridgetop positions (Fig. 1B, red and pink areas). The counterintuitive ridgetop location of these fields was highly correlated with the presence of an ancient alluvial soil (and associated ancient colluvium) that persisted as an inverted landform in a few locations (Fig. 1C , aqua and dark gray areas) on the landscape, remnants of stream valleys that drained the ancestral Smoky (Unaka) Mountains 40 miles (24.8 km) to the south (Lietzke 1994) . These unusual soils occupy only 11% of the total watershed area. Cultivated fields were preferentially located on this ancient alluvium and associated colluvium on ridgetops (2.5ϫ random expectation) and also on recent alluvium in the valley bottoms (1.5ϫ) (Fig. 1A) . Subsistence farmers preferentially used this unusual, relatively fertile, ancient soil that scientists only recognized as distinct from the younger residual soils after near three decades of research.
At regional scales, where environmental patterns often appear as vegetation zones or ecoregions (determined by elevation, climate, and soils), the most productive zones generally have the highest human population densities during the agricultural phase. In five Central American countries, population densities were highest in the dry forest and moist forest life zones (Fig. 2) , which typically have higher soil fertility than the wet and rain forest life zones. Because of more rapid weathering and leaching in high rainfall areas, rainfall and soil nutrient available are inversely correlated in many tropical regions (Craig and Halais 1934 , Hall and Swaine 1976 , Huston 1980 . Preferential use of high-NPP areas results in higher rates of food or energy acquisition, and higher total food and energy uptake. The individual and population level consequences of higher energy intake include improved health, longevity, and reproductive rates for all animals, including humans, plus the benefits of agriculture-based trade, such as more material goods, better education, better health care, etc.
High population growth rates of herbivores, carnivores, and omnivores, including humans, lead to locally high population densities and pressure for dispersal or migration. The total population that can be supported in any area is obviously a function of the total size of the area, and the mean population density that can be supported per unit area. Large areas of LAND-USE CHANGE IN RURAL AMERICA fertile soil with high NPP can support large populations. Small areas of good soil surrounded by infertile soils will support only small populations, but may continuously produce excess individuals which disperse, as described by the ''source-sink hypothesis'' (Pulliam 1988) .
The land-use impacts of a population are a function of the density of the population in relation to resource availability (carrying capacity), so that a population with a high relative density that extends over a large area can potentially have a strong impact over a large area. Animal populations that reach high densities can cause severe impacts as a result of overharvesting their food base, potentially leading to secondary impacts such as soil degradation or erosion. Examples include the degradation of arctic marshes by high densities of snow geese on their historical nesting grounds (Kerbes et al. 1990, Iacobelli and Jeffries 1991) , as well as high levels of deer herbivory in the eastern United States (McShea et al. 1997 , Russell et al. 2001 . Humans can have a similar impact through destructive agricultural practices. However, human land-use practices are generally designed to increase the usable NPP of the landscape, typically by shifting the vegetation to smaller plants or earlier successional stages, which have a higher ratio of production to respiration, and often higher nitrogen concentrations. This is accomplished by conversion of forests to grasslands, use of annual crops rather than native perennials, or shortening the rotation length of forest harvests. Natural analogs of this type of human manipulation of NPP include certain native grazers, such as prairie dogs, which maintain younger vegetation by continual cropping, leading to improved forage quality and potentially higher local NPP (Detling 1998 , Fahnestock and Detling 1999 , Green and Detling 2000 .
Even at the global scale, the pattern of human-caused land disturbance is closely related to soil properties that influence NPP (Fig. 3) . Human land disturbance, by deforestation and cultivation, is greatest in regions with fertile soils, where human populations can achieve high densities and high population growth rates that allow dispersal and occupation of all usable portions of the landscape. High proportions of land cultivation are found in eastern North America, eastern Europe, India, and China, (Fig. 3A , dark red and black colors indicate highest percentage of cultivation) where soils are fertile (Fig. 3B , dark green indicates highest fertility as measured by total exchangeable bases) and human population densities are high. In contrast, the major areas of tropical rain forest, which have nutrientpoor soils (Fig. 3B , dark orange colors indicated lowest fertility) and low human population densities (Meggers 1971) , until recently have had relatively low levels of human disturbance (Ramankutty and Foley 1999) (Fig.  3A) . At the global scale, the proportion of the land surface that is cultivated is highly correlated with soil fertility, one measure of which is illustrated in Fig. 3D .
NPP-DRIVEN IMPACTS ON BIODIVERSITY
A fundamental fact of the distribution of biodiversity on earth is that plant diversity and animal diversity reach their maximum levels under different conditions (Fig. 4) . It is now recognized that highest plant diversity occurs under relatively unproductive conditions, where net primary productivity is relatively low as a result of low availability of nutrients, light, and/or water (Fig. 4B, cf. Grime 1973a , b, 1979 , Huston 1979 , 1985 . This somewhat surprising reduction of plant diversity under highly productive conditions is the result of competitive exclusion, in which rapidly growing species overgrow and eliminate individuals of smaller, slower-growing species (Berendse 1994, Mahdi et al. 1989) . The diversity of animals, particularly of large herbivores and carnivores, depends on species being able to maintain population sizes sufficiently large to survive natural disturbances and climatic fluctuations. Because of the loss of energy with each trophic transfer, animals at higher trophic levels have much less available energy than do organisms at lower trophic levels, and consequently, the total biomass of animals that can be supported is much less than that of the plants. This energetic limitation on population size and survival means that the largest populations of animals, and potentially, the largest number of species, will occur at the highest levels of net primary productivity (Fig. 4F , e.g., Owen 1988 , Dodson et al. 2000 . These populations are highly susceptible to mortality-causing disturbances, particularly under unproductive conditions (Fig. 4E) . Thus, plant diversity is generally highest under relatively unproductive conditions (Fig. 4B) , while the diversity of large vertebrates and carnivores reaches its maximum under the most productive conditions (Fig. 4F) , where human populations also reach their highest density.
The inevitable correlation between NPP and human population density during the agrarian phase of development restricts the major environmental impacts to those portions of the landscape with high NPP. These include riparian and alluvial areas, productive grassland (prairies, veld, and steppe), and productive forests on fertile soils, such as the forests of the Great Lake States and glaciated portions of North America (e.g., Cronon 1983 , Whitney 1994 . In these regions, the major impacts have been on the organisms most dependent on high NPP, which are primarily large vertebrates, particularly at higher trophic levels. The large native herbivores, elk and bison, have been totally eliminated from the areas where they once occurred in great abundance, primarily because the native vegetation has been converted to annual crops, and domesticated herbivores substituted for native ones (e.g., Licht 1997) . In addition, the large carnivores that once preyed on these Residual soils (pastel colors) were formed in situ from dolomitic bedrock, and are now low-pH, nutrient-poor, red-clay ultisols (Lietzke 1994) , as is the recent colluvium (light gray) formed by downslope movement of these soils. Ancient alluvial soils (blue-greens) and their colluvium (dark gray) represent an inverted landform, now restricted to ridgetops. native herbivores have been eliminated by a combination of hunting and elimination of their prey base (Rogers and Caro 1998 , Woodroffe and Ginsberg 1998 , Woodroffe 2000 .
In spite of the extensive replacement of native vegetation and elimination of the large mammal fauna, there have been very few global extinctions, of either plants or animals (both terrestrial and aquatic) that had their highest abundances in the most productive areas of North America (Flather et al. 1994) . Most plant species of the high-NPP regions were widely distributed, and now survive in the peripheral areas of their original range, and in the less productive, marginal areas that serve as refuges within their core areas (Huston 1994) . Similarly, large vertebrates such as elk, bison, and black bear survive in the much less productive western portions of their original range, where population densities are lower, but still sufficient for survival Hoekstra 1989, Vaughan and Pelton 1995) . The most notable extinctions were of two bird species that once occurred in extremely high numbers, the passenger pigeon, and to a lesser degree, the Carolina parakeet. The passenger pigeon was almost certainly the most abundant bird species on earth, nesting and feeding in the productive eastern deciduous forests of the Great Lake states (Schorger 1955 , Ehrlich et al. 1992 . Extensive clearing of the forests, along with market hunting of the passenger pigeon, drove both of these species to extinction in a remarkably short period of time (Whitney 1994 , Russell 1997 ). These two dramatic and tragic extinctions were of gregarious, nomadic species that were highly adapted to the productive forests of eastern North America (Blockstein and Tordoff 1985) . Conversion of the most productive forests to cultivated fields and pastures made their survival impossible.
In striking contrast to the productive midwestern regions, the lower NPP regions of the western grasslands and mountains were relatively little impacted during the agrarian phase (Fig. 3A) . The large areas of infertile, dry, and/or cold soils supported very low human population densities and consequently low total populations over large regions. While there were some impacts of grazing, logging, and mining, the overall impact was relatively small, and these western regions remain as our primary remnants of natural landscapes, and our primary refuges for plant and animal biodiversity, preserved in our national parks, forests, and grasslands (Huston 1993 , Scott et al. 2001 . Large mammal densities were never as high as in the more productive grasslands, savannahs, and forests of the central (midwestern) region, and plant species richness at large scales is augmented by a much higher density of narrowly distributed (endemic) plants and small animals than in the more productive parts of the country (Flather et al. 1994 , Huston 1994 .
Within these large, unproductive regions, the small proportion of the landscape that is highly productive is extremely important to regional biodiversity. These productive areas, such as isolated springs, wet meadows, marshes, and riparian zones along streams and rivers, are critical for the survival of both local endemic ---
." species and widespread species that depend on these refuges during critical times of the year. Unfortunately, these productive, well-watered areas are the preferred location for human settlements and agricultural activities (Hansen et al. 2002 (Hansen et al. , 2005 , and consequently have been severely impacted throughout most of the west. These areas are extremely important as travel corridors and productive zones for feeding and reproduction Rotella 2002a ), yet they are rarely included in the publicly owned lands (Scott et al. 2001) , and tend to be increasingly utilized for a wide range of human activities Rotella 2002a, b, Hansen et al. 2002) .
-----------------------------------------------RES IDUUM----------------------------------------------------------------ANCIENT ALLUVIUM ---------------------------C OLLUVIUM----------SEDIMENTS
In spite of massive disturbances over large areas of productive soils, and intensive disturbances of restricted productive areas in regions with low average productivity, the impacts of human activities during the agrarian phase are restricted to specific portions of the landscape and are less severe than might be expected. Even on the less productive portions of the landscape abandoned after the agrarian phase, most of the ''legacy effects'' of past agriculture (e.g., Foster et al. 2003) are relatively short-term changes in vegetation that will be erased over time by plant succession and soil development. Nonetheless, there have been large areas impacted by agricultural soil erosion (e.g., Trimble 1974) , and even small-scale agricultural activities can affect the rate of forest succession and patterns of tree diversity for decades or centuries (Lafon et al. 2000) . Fortunately, avoidance of the unproductive portions of the landscape leaves refuges that allow the continued survival of most of the plant and animal species that originally occupied North America. Unfortunately, aquatic species have been much more severely impacted than terrestrial species (LaRoe et al. 1995, Flather and Hoekstra 1989) , primarily because many aquatic species have very limited ranges.
TRANSPORTATION-DRIVEN (INDUSTRIAL) DYNAMICS OF LAND-USE CHANGE
The transportation-driven phase of economic development and population growth occurs as population densities increase, trade develops, and industrial activity begins to complement agriculture as a source of wealth. With the expansion of transportation networks that can move food, human populations are no longer tied as closely to local sources of agricultural production, and thus the connection of population to local NPP begins to weaken.
Human population distribution is freed from dependence on local food production and begins to shift toward locations where transportation concentrates food and other resources. Excess population from high-NPP areas begins to disperse to nodes in the transportation network, which quickly develop into urban/industrial centers. Population densities in the high-NPP agricultural areas often decrease as transportation, technology, and resource inputs increase the efficiency of agricultural production, as illustrated by the decline of family farms as they are consolidated into much larger industrial farms in the midwestern U.S. (Lobao and Meyer 2001) .
This pattern of human population and land-use intensity is illustrated by historical census data from the 99 counties in the state of Iowa. (Fig. 5) . Earliest settlement spread from the Mississippi River, with the highest population densities in the extreme southeast, where the town of Keokuk is located at the confluence of the Des Moines River with the Mississippi River (Fig. 5A) . As shown at 40-yr intervals (Fig. 5B, C, D) , population increased most rapidly around Des Moines, located in the center of the state at the confluence of the Raccoon and Des Moines rivers and the southernmost extent of the Wisconsin glaciation (thumb-shaped outline in Fig. 5 ). All of the counties that developed high populations (Fig. 5D ) have major cities located on rivers, at confluences, rapids, or mouths, illustrating the important role of transportation centers for concentrating resources and populations. Associated with the concentration of population in transportation/industrial centers was a decline in population in rural areas. As of 1970, more than half of the counties in the state had been experiencing population decline since 1900 or earlier (Fig. 5E) . Similar rural population declines are occurring throughout the midwest and east of the United States .
This pattern of population change is closely related to soil properties associated with the major landforms of the state (Prior 1991) . Des Moines is located at the southern terminus of the Wisconsinan glacial advance (10 500 to 30 000 yr BP), which covered the northcentral portion of the state, and also affected the areas east and west of the main glacial lobe as a result of glacial drift. These areas, comprising approximately the northern half of the state, have much younger and more fertile soils than the southern half of the state, which was most recently glaciated 130 000 to 300 000 years ago (Illinoian Glaciation). Counties on the relatively poor soils in the southern part of the state suf- fered the greatest population decline (Fig. 5F ), having reached their highest population densities in 1900 or earlier (Fig. 5E ). The declining counties in the northeastern corner of the state occur on a landscape last glaciated over 500 000 years ago, with the oldest soils in the state and a hilly landscape with deep valleys considered by many to be the most scenic area of the state. The shift from rural areas with poor soils to urban areas would be even more dramatic were it not for the mitigating effects of government subsidies (i.e., dollars) flowing from the urban and fertile areas to the less fertile rural areas (e.g., Licht 1997) .
As technology improves, the rate and efficiency of transportation increases, and increased wealth improves access to the best technologies. For most of the history of human civilization, water was by far the most efficient means of transportation, and most of the world's great cities are located at the nodes of water transportation systems, particularly harbors and the mouths or confluences of major rivers. The first major relaxation of the waterway constraint was the development of the railway system, followed shortly by the development of the internal combustion engine and highways (Stutz and de Sousa 1998) . These new modes of transportation often reinforced the historical centers that had already developed near favorable water transport.
As transportation rates and efficiency increase, the limitations of distance decrease and urban/industrial areas can be located farther from the sources of food production. This further reduces the constraint of local NPP on population size and increases the importance of regional NPP, with the size of the region being determined by the efficiency (and thus the cost) of transportation. Local variation in NPP becomes relatively unimportant, but total regional NPP, constrained by soils, temperature, and water, still limits the size of the human population at the regional scale. With increasing wealth and a global transporation system, local human population size can be independent of even regional NPP, as in the oil-rich, but arid, Arabian peninsula.
Environmental properties still influence the size and spatial distribution of human populations, but the constraints on local population are now the availability of transportation pathways, both the natural pathways provided by oceans, lakes, and rivers, and the man-made pathways of railways and roads (Russell 1997) . Natural barriers such as mountain ranges may still isolate some areas from effective transportation, as can arid con- Ecological Applications Vol. 15, No. 6 FIG. 4. General patterns of species diversity at three trophic levels in relation to potential net primary productivity (which is determined by the interaction of soil properties with climate) and in relation to mortality caused by natural and anthropogenic processes. The upper graph illustrates maximum predicted diversity as indicated by the dark diagonal area, with diversity decreasing to either side, according to the dynamic equilibrium model of species diversity (Huston 1979 (Huston , 1994 . These predictions have been confirmed by two recent reviews of the effect of grazing mortality on plant diversity (Proulx and Mazumder 1998, Worm et al. 2002) . Energy losses resulting from trophic transfer are indicated by the positions of each trophic level along the x-axis (productivity). In the lower graphs, left-hand panels (A, C, E) illustrate the effect of a disturbance gradient on trophic classes of organisms with differing population growth rates (plants highest, carnivores lowest). Right-hand panels (B, D, F) illustrate the effect of a productivity gradient on the three trophic levels when experiencing approximately the same disturbance regime. Note that patterns caused by these processes are expected to disappear as the sample area becomes very large (see Huston 1999) . Infrastructure developed during one phase of development can create a legacy that influences rates and patterns of development in subsequent phases. However, the influence of infrastructure can be quite ephemeral unless a site has some permanent advantage, such as favorable water transportation or geographical constraints that force land transportation through a specific location. North America, and the rest of the world, is dotted with towns that flourished until the river channel shifted, the cattle drives stopped, the rail line was abandoned, or the local highway was replaced by an interstate highway built nearby (e.g., Burns 1982) .
In the industrial stage, human population densities are highest at the transportation nodes where food and raw materials are concentrated, particularly where multiple types of transportation converge, conforming to traditional place-centered economic models. This transporation-driven resource concentration allows much higher local population densities than were possible in the agrarian phase, and consequently, local environmental impacts can be much more severe. Population distributions and impacts are still based on preferential land use, and are thus nonrandom and highly predictable.
In many cases, the land areas selected because of transportation-related properties are also high-NPP lands that were originally selected for food production. Examples are the productive alluvial lands along rivers, including the deltas where rivers flow into lakes or oceans. In addition to the location of population centers, rail corridors and roadways often follow the naturally created low gradients along streams and rivers, reducing the suitability of these areas for biodiversity as well as for agriculture. Urban/industrial development can even displace agriculture from high-NPP lands, not because of the NPP, but because of the proximity to transportation and industry. This is occurring on the fertile soils around Des Moines, Iowa (Fig. 5D) , as well as in many other cities throughout the country .
Environmental impacts during the industrial stage are less strongly related to local NPP than during the agrarian stage, although some high-NPP areas can be heavily impacted, as discussed above. The new features of industrial stage environmental impacts are (1) increasing impact on terrestrial areas with low NPP and (2) increasing impacts on aquatic resources and water quality caused by concentrated human populations (Wang et al. 2001 , Stepenuck et al. 2002 , Hansen et al. 2005 . Natural resource extraction, particularly of the energy resources that drive the transportation and industrial economies, can have a major negative impact on local environmental conditions, particularly in unproductive areas were vegetation growth and recovery are slow. Consequently, low NPP areas that escaped impact during the agrarian stage can be heavily affected by resource extraction and urban/industrial growth.
Improved transportation and industrial technologies allow major changes in agriculture that increase its impact in both highly productive areas already in agricultural land uses, and in less productive areas that escaped impact during the agrarian phase. Industrial production of nitrogen fertilizers, irrigation technologies, and drainage of wet areas (ditching and tiling) allow increased productivity and often increased negative environmental impacts on both terrestrial and aquatic systems, in productive areas. More significant in terms of biodiversity impacts is the extension of agriculture to previously unimpacted lands that were unsuitable for agriculture because of aridity (e.g., the Texas Panhandle or Central Valley of California), or excessive wetness (e.g., the Florida Everglades). These agricultural subsidies generally produce only shortterm economic benefits, and production generally decreases over time as a result of factors such as erosion, declining water tables, salinization, micronutrient depletion, or soil subsidence. Even on the short term, these subsidies are effective primarily in areas that already have all the required plant resources except for one that can be added at relatively low cost, such as irrigation in an area with high levels of required soil nutrients.
An indirect environmental benefit of the industrial stage is reduction of the human population density in agricultural regions (Lobao and Meyer 2001) . This occurs both because of the increased efficiency of agricultural production made possible by transportation and new technologies (Weiss 1993 , also, hybrid seeds and the ''green revolution''), and by the economic activity and jobs in the urban/industrial centers. This depopulation results in the abandonment of marginal agricultural lands (e.g., Fig. 5F , southern and northeastern Iowa), which has led to substantial forest regeneration in the northeastern U.S. (Hall et al. 2002 , Foster et al. 2003 , as well as reduced grazing impacts and grassland re-establishment in the western grasslands (Licht 1997) . The local recovery of many native animal species is associated with re-establishment of native vegetation (Askins 1993 (Askins , 2000 . An additional consequence of these population shifts and land-use transitions is an increasing concentration of agricultural production on the most suitable, high-NPP lands. This intensive, and potentially sustainable, concentration of agricultural production reduces the ''environmental footprint'' of food production, and allows the preservation of less productive lands that can support substantial biodiversity. If food production were less efficient, or if human populations continue to grow, these marginal lands would be brought into production, with negative consequences for biodiversity (Avery 1995 , Huston 1995 , Waggoner and Ausubel 2001 . Ecological Applications Vol. 15, No. 6 COMMUNICATION-DRIVEN DYNAMICS OF LAND-USE CHANGE The communication-driven (information) stage of economic development removes most of the remaining locational constraints on the generation and use of wealth (Levitt 2002) . During both the agrarian and industrial stages wealth generation, and consequently human population density, was restricted to specific locations. The initial restriction to productive lands was later expanded to include the urban/industrial centers at transportation nodes. Over the last few decades of the 20th century, developed countries have seen the creation of an information infrastructure that allows the transmission of vast amounts of information without any direct physical connection between source and recipient. Processing and exchange of this information has created a new means for generating wealth that allows human populations to be redistributed even more independently of environmental constraints.
Nonetheless, some constraints do remain. Humans still require food and water, which must be available from local sources or through transportation from distant sources. In addition, material for construction of shelter and other necessities must be available. Consequently, populations become independent of either local production of food and other resources, or effective transportation systems, but not both. This shift is facilitated by continuously improving transportation, which allows rapid long-distance transport of not only food and natural resources, but luxury products as well. Local generation of wealth, by information processing or other means, is not even a necessity, since wealth generated in urban/industrial centers can be easily transferred electronically for use in areas far from traditional sources of wealth (e.g., Jacobs 1984) .
Redistribution of human population in the communication-driven stage is almost completely independent of local and even regional net primary productivity. Preferential use of the landscape is driven by aesthetic concerns, such as views of natural scenery and the beauty of local features such as vegetation, rocks, and streams (Hansen et al. 2005) . People can now build homes on hillsides and ridgetops, which often have low productivity but high biodiversity value, without any concern for being able to obtain food, wealth, or even water from the local environment. High productivity areas, such as stream valleys and lakeshore, may also have desirable aesthetic properties that make them more valuable as home sites than for agricultural production. Rural growth has become almost totally independent of soil properties and NPP.
The greatest impact of this change has been in regions with low NPP, such as the western mountains, deserts, and shrublands (see Brown et al. 2005 : Fig. 1 , Hansen et al. 2005) . These areas tend to have much higher densities of naturally rare ''endemic'' species of plants and animals than more productive areas of the country. Because of rapid urban and rural growth these western endemics now comprise a large proportion of the species listed as threatened and endangered (Flather et al. 1994) . These unproductive areas were largely ignored during the agrarian and transportation stages, but have now become increasingly popular ''amenity destinations'' for human populations that are heavily dependent on resources brought in from outside the region (Rasker and Hansen 2000) .
The low productivity of these environments makes them particularly sensitive to disturbances caused by human activities. Populations of plants and animals tend to be smaller, and to recover more slowly than in more productive areas, making them more susceptible to mortality caused by land clearing, road development, and other activities. These plant communities tend to be easily invaded by exotic species (Huston 1994 (Huston , 2004 , and the introduction of exotic predator species such as dogs, cats, and foxes can have a devastating effect on native vertebrates (Abbott 2001 , Hansen et al. 2005 ). Even at low average density, humans can have severe impacts in these less productive regions because human land use is concentrated in the small percentage of the landscape that is critical for ecosystem function and biodiversity because of its water availability and higher productivity (Hansen et al. 2005) , and also because high interannual variability of productivity contributes to overgrazing (Freudenberger and Noble 1997) .
Changes in natural disturbance regimes, such as increases or decreases in fire frequencies, or flood control, can also have major impacts (Huston 2003 , Hansen et al. 2005 . The small proportion of the landscape that has high NPP, primarily riparian corridors, springs, and marshes, is particularly susceptible to impacts such as fragmentation, blockage of riparian dispersal corridors, and conversion to other uses. A decrease in the disturbance regime on any but the least productive portions of the landscape is likely to result in an accumulation of biomass, including fuel for fires, and a reduction of plant diversity due to competition during succession. The combination of ''forest fringe'' development with fire suppression has contributed to the increased costs of western forest fires in terms of economic losses and loss of human life. Many of these problems are concentrated in the ponderosa pine zone, which, in the absence of fire suppression has a relatively high frequency of low severity fires (Agee 1993) , but quickly produces a sufficient fuel load to support high severity crown fires (Moore et al. 2004) .
Most of the public lands in the United States occur in these agriculturally marginal, low-productivity landscapes (Huston 1993 , Scott et al. 2001 , which are the primary reservoir for much of our biodiversity, especially large vertebrates and predators. Many species that survive in these environments depend on rare, high productivity riparian and wetland areas for feeding and LAND-USE CHANGE IN RURAL AMERICA FIG. 6. Sustainable distribution of land uses in relation to natural variation in primary productivity (determined by interaction of soil properties and climate) and the general patterns of plant and large animal diversity. (A) Areas with low primary productivity tend to have low abundance and diversity of carnivores and large vertebrates, and a wide range of plant diversity, ranging from very low to the highest levels found anywhere. Low productivity limits sustainable land uses to protection, with substantial benefits in terms of hydrologic function, conservation, and carbon sequestration. (B) Moderate productivity allows higher abundance and diversity of large vertebrates, and potentially sustainable forestry. (C) High productivity allows potentially sustainable agriculture and plantation forestry on lands that, in the absence of human disturbance, could support a high abundance and diversity of large vertebrates, but relatively low plant diversity. (D) The highest levels of productivity support the highest abundance and diversity of carnivores and large vertebrates, but most of these lands are now used for intensive agriculture. High-productivity sustainable agriculture in these areas requires the least land area per unit of food production, and potentially reduces pressure to cultivate less productive lands that may have higher plant diversity. While the loss of plant diversity through cultivation of high-productivity lands is relatively low, the loss of carnivore and large vertebrate diversity is extremely high (based on Huston 1994 Huston , 1995 reproduction (Hansen and Rotella 2002a) . Unfortunately, these productive areas tend to be privately owned and not included in the publicly-owned national parks and forests. Disturbance and development of these productive environments have potential negative effects on biodiversity that far exceed their proportional representation on low-productivity landscapes.
CONCLUSION AND IMPLICATIONS
The three stages of technological development, human population dynamics, and land-use change described in this paper form a well-known historical sequence that has already occurred in the developed countries of the world. All countries in the world have experienced the agrarian phase, but in some countries this phase still dominates economic activity and land use (Huston 1993 ). In the less-developed countries, all three stages may exist simultaneously and the industrial phase may be shortened or skipped completely in some areas.
These three phases produce very different patterns of human population distribution and thus very different patterns of land use and impacts on the environment and biodiversity. Each phase has predictable patterns, with impacts that range from local to global, depending on the availability and distribution of the resources necessary for human population growth.
The impact of the agrarian phase is strongly constrained by local conditions, to the extent that areas with low primary productivity are little impacted by human land use. Agrarian land-use transformations affect primarily common species in productive areas, and have their greatest negative effects on the population sizes of large vertebrates.
The transportation/industrial phase is less dependent on net primary productivity than the agrarian phase, and begins to extend the environmental impacts of human land use to the lower productivity areas that were avoided during the agrarian phase. One side-effect of this stage is a reduction of rural population densities, and subsequent recovery of natural vegetation and some wildlife species, that often occurs as economic activity and jobs shift to the urban/industrial centers.
The human population distribution during the communication phase is independent of local primary production, but is nonetheless constrained by regional or national levels of productivity that determine the total human population, as well as influence the financial resources available for transportation and communication infrastructure. One consequence of this phase is an increase in rural population densities, particularly in low-productivity, high ''amenity value'' areas, which attract people with sources of wealth that are independent of local environmental conditions. The increase of human population and disturbance on lowproductivity areas can have a severe impact on the rare and/or endemic species that occur predominantly in these environments. Until recently, these low-productivity areas have been the primary refuges for the biodiversity that escaped the impacts of the agrarian stage.
This productivity-based approach to understanding human population dynamics and land-use dynamics helps explain the current distribution of land use in relation to patterns of biodiversity. In addition, it helps clarify which components of biodiversity are most likely to be impacted during different stages of technological and economic development, and by different types of land uses. These principles suggest a preferred distribution of land uses in relation to productivity (Fig.  6 ) that tends to minimize negative impacts on the diversity of plants and small animals, but inevitably has strong negative effects on the large vertebrates that compete most directly with human land uses. Because the agricultural value of land tends to reflect the po-tential primary productivity of the land, it is not surprising that the most cost-effective solutions for conservation of threatened and endangered species tend to select large expanses of unproductive, low value lands in the semiarid west and southwest (Ando et al. 1998) . Understanding the inevitable tradeoffs that are made between human land use and biodiversity conservation is essential for conservation planning and sustainable land management.
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